I. INTRODUCTION
Quadrupole mass filters have many practical advantages compared to magnetic sectors for production of ion beams. ' Compact design, resolution that can be electrically adjusted to optimize for particular experiments, acceptance of ion beams with broad energy distributions, and operation in radio-frequency (rf) only mode (passing the entire ion beam) are just some advantages. Quadrupoles have not been widely used to produce ion beams with narrow translational energy spreads, because they tend to perturb the kinetic energies of the transmitted ions. This is particularly true when the quadrupole is operated at resolution greater than 100 (M/AM) .2,3 rods, 305 mm in length. These are supported by a pair of alumina rings, with the critical dimensions machined to a tolerance of O.Oi302 mm. The filter is housed in a cylindrical stainless steel shroud that provides rf shielding and holds the injection and extraction ion optics precisely concentric to the quadrupole center line. Several setsof ion optics were tested, and the quadrupole was controlled by two different sets of electronics.
The energy distribution and spatial properties of an ion beam exiting a quadrupole operated in mass selective mode are not well defined. A cylindrically symmetric ion beam will diverge into a cross-shaped profile at the exit," with more divergence in the direction of then negative (dc) pair of quadrupole rods. Ion trajectories in a quadrupole are described by the well-known Mathieu equation,1*3v5-7 where the stable and unstable trajectory solutions can be represented in a stability diagrams When operated at high mass resolution (high d&f ratio), the kinetic energy of some of the transmitted ions is significantly perturbed.2Y3 In essence this occurs because the high dc potentials force these ions to make large excursions from the centerline of the quadrupole, into regions where the rf fields are large 'and very inhomogeneous. Depending on the phase of the ion motion with respect to the rf, there can be radial and/or angular accelerations. Fringe field effects also contribute to the energy imparted to the ion beam.29
The following procedures were used to characterize the transmitted ion beam. The mass resolution was characterized both by the shape of the peaks observed when scanning the mass-selecting quadrupole, and also by measuring mass spectra of the transmitted beam with a downstream quadrupole filter operated at higher resolution. The kinetic energy distributions were characterized by retarding potential analysis @PA). This is not an ideal method, since it ~really measures a convolution of the beam energy and angular distributions, but we feel that it is adequate to demonstrate the differences in energy distributions obtained under different conditions. We have also compared RPAs for ion beams flltered by the quadrupole with those for beams from the same source, filtered by our Wien filter.
IlLRESULTS AND DISCUSSION
In the course of experiments in cluster ion beam chemistry,r'-r4 we decided to replace the Wien filter used to mass select our ion beam with a quadrupole, to see if acceptable energy and mass resolution could be obtained.
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II. EXPERIMENTAL DESIGN
A schematic drawing of the quadrupole section of the instrument is given in Fig. 1 , and the complete instrument has been described elsewhere.15 The quadrupole filter itself is constructed of four 19.047+0.003 mm diam stainless steel
The initial experiments focused on the effects of injection and collection ion optics. The first set of lenses tested were similar to those used with our Wien filter and for many commercial quadrupoles. Both injection and extraction optics were constructed of stacks of disk-shaped lenses, with 5 mm apertures; spaced by precision ruby balls. The lenseson the end of both stacks closest to the quadrupole had short nipple extensions that were designed to shield the ions from the ground potential of the quadrupole's shroud. When the quadrupole was operated in non-mass-selective mode (i.e., low rf amplitudes and no dc) the RPA was similar to that observed with the Wien filter. Under these conditions it appears that the energy distribution coming from the source is not significantly perturbed in passage through the quadrupole. When operated in mass-selective mode with resolutions >-50, the transmitted energy distributions were unacceptable. Roughly 80% of the transmitted beam was not seriously perturbed, but -20% of the beam had an energy distribution Use of a quadrupole mass filter for high energy resolution ion beam production We have found focusing/operating conditions that allow use of acomm~ercial quadrupole mass filter for producing ion beams that simultaneously have high mass and kinetic energy resolution, and good transmission efficiency. Under proper conditions, our design perturbs the ion beam energy distribution by only -50 meV, while allowing mass resolution (M/AM)>lOO, and net transmission of -50%. The critical factors are injection/collection lens design, an exit aperture which rejects ions that have been strongly perturbed, and stable dc balance in the quadrupole electronics. 0 1995 American Institute of Physics.
. ranging from 5 to 20 eV wide, depending on. operating conditions. Clearly the design goal must be to reject the 20% of perturbed ions, while collecting as much as possible of the unperturbed beam.
The ion optics configuration shown in Fig. 1 works quite well. The injection lens stack consists of seven disk-shaped, stainless steel electrodes, spaced 1.6 mm apart, each having a 5.1 mm aperture. The final lens before the quadrupole has a 10 mm aperture and a nipple extension, designed to shield the beam from the grounded quadrupole shroud. On the extraction side of the quadrupole, the first electrode has a stainless steel nipple, 15 mm in diameter, that protrudes into the quadrupole shroud. This nipple can be fitted with apertures, and we have systematically studied the effects of aperture sizes ranging from 1 to 15 mm. For our ion beam requirements, the optimum balance between energy resolution and transmission efficiency was found when using a 2 mm aperture. The aperture length/diameter ratio is -2.5, thus the aperture restricts both the radial and angular acceptance of the extraction lens stack. The lens immediately following the extraction aperture is tubular, and the rest of the lens stack consists of ten disk lenses with 5 mm bores. Originally, the injection nipple was also equipped with an aperture, however we found that this only reduced the transmission efficiency, with no improvement in energy resolution. An aperture may be required, however, if the injected ion beam cannot be tightly collimated at the quadrupole entrance.
We achieve best results when the quadrupole is operated at low pass energy. For light ions typical pass energies are -0.5 eV increasing to -4 eV for ions in the >lOO amu range. Under these conditions, we get excellent results, as shown in Fig. 2 . This shows three RPA sans taken just following the quadrupole for HBO+ (tn/e 27) ionsselected out of a distribution of B,O,c clusters. The scan labeled "source" is actually for ions transmitted with the quadrupole operating in rf only mode. Comparison with RPAs taken before installing the quadrupole suggest that in this mode the ion beam energy distribution is not significantly perturbed, and represents tlie distribution from our source. The source distribution, is characterized by a width (standard deviation from the mean) of 0.34 eV. RPA scans are also shown for beams transmitted in mass-selective mode, using two different sets of quadrupole electronics. The results labeled "solid state" were obtained using electronics from Extrel (C-60 controller and 150-QC rf generator). There is virtually no perturbation-the width of the energy distribution for the transmitted beam increased by only 0.05 eV compared to the source distribution. Under these conditions, we can achieve mass resolution >lOO and net transmission efficiency >50%.
We believe that there are three impErtant factors in our design that contribute to the performance.
(i) The extraction aperture rejects any ions that are not near the axis, and these-are the ions that are most likely to be strongly perturbed because they have penetrated into regions with strong rf fields.
(2) The large diameter injection/extraction electrodes, together with the extraction aperture and tight beam collimation on the injection side, ensure that the ion beam never passes close to the outer edges of the injection or extraction electrodes. These outer edges are close to the quadrupole rods, and there are strong, inhomogeneous rf fringe fields" that appear to be responsible for much of the energy perturbation.
(3) The dc balance, i.e., difference between the positive and negative dc voltages applied to the quadrupole rods, appears to be important. This can be seen in Fig. 2 for the results obtained using an older set of tube electronics (Extranuclear Model QPS), where the transmitted energy distribution is significantly degraded. The width derived from the RPA is increased by 0.33 eV compared to that of the source distribution-six times the perturbation found with the solid state electronics. It is not entirely clear what causes this degradation, but we believe it is due to the dc balance drifting on the old electronics. This can have two effects. Drifting on a time scale of seconds basically varies the center line potential of the quadrupole, and therefore the pass energy. Since we achieve the best results at low pass energies, small shifts could seriously degrade the injection and collection process. Of course, if there is jitter in the dc balance on the 1O-4-1O-3 s time scale, this would directly accelerate ions by shifting the pass energy during the transit time of the ions through the filter.
It should be noted that apertures have been used in the past to improve mass resolution for quadrupole mass filters,16 at the expense of transmission efficiency. In this case, the aperture is on the injection side of the quadrupole, and serves to force injection near the quadrupdle axis. What we have found is quite different. We use no aperture on the injection side, relying on a well-collimated beam, but use an aperture at the exit in order to reject ions with perturbed kinetic energies.
